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Abstract

Surveys of deep space reveal jets of highly ionized plasmas that appear to be moving
at super-luminal velocities. Thus named “relativistic” jets, these collimated flows are
associated with two major sources: Active Galactic Nuclei and Gamma-Ray Bursts. Research
into the jets produced by these phenomena was conducted in order to determine the cause
of particle acceleration that is observed to occur within these jets, as well as their
behaviors as they propagate. Specifically, jets of two different compositions were analyzed:
electron-proton jets, and electron-positron jets. Computer simulations utilizing a threedimensional relativistic particle-in-cell code has allowed for the observance of the
behaviors of particles within a well-defined observational frame as the particles undergo
forces determined by the Newton-Lorentz and Maxwell equations. The resulting
simulations suggest that particles are accelerated within propagating jets as a result of both
instability within the jet and the presence of magnetic fields. These two characteristics also
appear to affect the shape and length of propagating jets. Moreover, simulations show that
stability and magnetic field generation is greatly influenced by the composition of the jet
itself.
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Introduction

Relativistic jets are observed to be the brightest events in the universe and are
found in connection to high-energy systems, such as Gamma-Ray Bursts and Active Galactic
Nuclei. A Gamma-Ray Burst (GRB) is a relatively brief flash of photons emitted in the
gamma range of the radiation spectrum, and is usually followed by a trailing “afterglow” in
lower-energy wavelengths along the rest of the spectrum. GRBs are thought to be
associated with supernovae – which release large amounts of energy as a massive star
collapses into a black hole or neutron star – or with the merger of binary neutron stars,
black holes, or a black hole with a neutron star (Nishikawa, 2014). The term Active Galactic
Nuclei (AGN) refers to the centers of galaxies that emit far more energy than can be
explained by the normal processes of the stars surrounding the nucleus (Keel, 2000). The
emissions are attributed to the presence of massive black holes at the cores of the active
galaxies, which accrete mass that heats by friction and generates huge amounts of
electromagnetic radiation that may be cast off as jets (Blazars and Active Galactic Nuclei,
n.d.).
The initial prompt emission of GRBs is thought to be a product of particle
acceleration, caused by shocks, while the afterglow may be caused by the slowing of
particles as the jet propagates into areas of weakly magnetized plasma (Nishikawa, 2014).
Particle acceleration may also be responsible for the radiation emitted by AGN (Nishikawa,
Hardee, Hededal, & Fishman, 2006). The purpose of much research pertains to
understanding the method by which particles, specifically electrons, are accelerated.
Simulations show that acceleration may occur as a product of instabilities that arise within
complex dynamic systems, such as within the jet or along the jet-ambient interface. Our
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research focuses on the different types of instabilities found to occur in jets, how these
instabilities lead to the generation of magnetic fields, and how the presence of magnetic
fields effect the structure of the propagating jet and the path of the particles within it.
Instabilities within Relativistic Jets
There are a number of different instabilities that plasmas may experience when
placed in a dynamic system. Instability may be caused by the interaction of a plasma with
its environment, with other plasmas, or with itself, as a product of inhomogeneity in
structure. Specifically in research regarding relativistic jets, there are three main types of
instabilities that tend to arise as the jet propagates through an ambient plasma medium:
Weibel instability, Kelvin-Helmholtz instability, and kink instability.
Weibel Instability:
Weibel instability, occurs within a homogeneous or nearly homogeneous plasma. It
is caused by the presence of regions of different temperatures with an anisotropic velocity
distribution. In some cases, Weibel instability may be caused by counter-streaming particle
beams, in which case it is known as “filamentation” instability (Yoon, 2007). In either
situation, opposite-moving streams interact at the contact surface, which causes the plasma
to swirl along that interface. The result is the generation of large-scale magnetic fields, even
in the initial absence of strong magnetic fields about the early-stage jet. Current filaments
also accompany the growth of Weibel instability where it is present in collision-less shock
regions, and particle acceleration occurs (Nishikawa et al., 2009).
Kelvin-Helmholtz Instability:
Kelvin-Helmholtz instability (KHI), or for our purposes kinetic KHI (kKHI), is caused
not by temperature differences, but by velocity shears between two different plasmas or
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within the same plasma (Nishikawa, et al., 2014). Examples may be seen in the interaction
between the propagating jet and the ambient plasma, or possibly within the jet itself. Faster
moving regions, according to Bernoulli’s principle, are naturally less dense than regions
that move more slowly (Lasky, 2015). The more slowly moving region of plasma is
therefore ”sucked” into the quicker, less dense region, causing the two to swirl in a similar
fashion as seen with Weibel instability. The effect is an amplification of the magnetic field,
as well as particle acceleration (Nishikawa, et al., 2014).
Kink Instability:
Kink instability occurs when a relativistic jet has a helical initial magnetic field
spiraling along its length. While this configuration may be stable for some time, it is
sensitive to very slight perturbations, such as variances in velocity or minor alterations in
the magnetic field (Lyubarskii, 1999). Changes in the magnetic field result in changes in the
motion of the particles within the jet, which in turn proceeds to modify the magnetic field
in a run-away effect. Similarly, variations in velocity, which may be caused by non-uniform
injection of material by the jet source, also changes the flow of the particles, which then
alters the magnetic field in the same way. In either of these scenarios, the jet may
destabilize, forming ‘kinks’ that proceed to ripple throughout the jet with increasing
violence. The jet may be thrown apart, out of its linear formation, as the kinks continue to
unravel along its length (Mizuno, Lyubarsky, Nishikawa, & Hardee, 2009). Though kink
instability may lead to other instabilities, this type of instability was not explored in the
experiments discussed in this paper. What should be noted, however, is that it may also
lead to magnetic reconnection, which is a known cause of particle acceleration.
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Magnetic Fields and Jet Behavior
Much of the research discussed in this paper focuses on understanding the
generation and impact of magnetic fields associated with relativistic jets. Simulations
reveal that magnetic fields may be generated by instability over the entire surface on at
which the instability occurs, even in the absence of initial magnetic field seeds (Nishikawa,
et al., 2014). In this way, the presence of magnetic fields can be inferred in all observed jets.
Using this assumption, it is possible to explain the particle acceleration that is seen within
relativistic jets.
The ability of magnetic fields to accelerate particles through magnetic reconnection
is a well-known phenomenon (Litvinenko, 1996). Reconnection occurs when oppositely
directed field lines are broken and connected again, often in different orientations. The
process causes the conversion of magnetic energy into kinetic and thermal energy (Ji,
2014). Thus, when reconnection occurs, particles traveling along or within the field lines
may be “kicked away”, producing an acceleration. All three types of instabilities discussed
are associated with magnetic reconnection, so each may contribute to the acceleration of
particles within a jet.
The magnetic field may also play a critical role in determining other behaviors of a
jet. Simulations by Guan et al. show that the relative strength of the toroidal and poloidal
magnetic fields associated with a jet can affect the speed of propagation, the shape of the
jet, and the overall stability timescale. The term “toroidal” refers to field lines that encircle
the jet in a direction perpendicular to the direction of propagation, generally thought of as
‘around’ the narrow width of the jet, latitudinally. “Poloidal” refers to field lines along the
jet parallel to the direction of propagation, longitudinally. When the ratio of toroidal-to-
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poloidal magnetic fields is high, simulations show that instability is hindered and occurs at
a far later stage of jet evolution, compared to trials done with lower ratios. This allows the
jet to propagate farther, because energy and particles are not lost to instability. In addition,
the high toroidal-to-poloidal ratio causes the shape of the jet to be narrower, producing a
more highly collimated particle stream (Guan, Li, & Li, 2014). These results demonstrate
the importance of studying magnetic fields and their generation, because the properties of
magnetic fields are crucial in determining the behaviors of relativistic jets.
Method
The purpose of the experiments that are explored in this paper is to understand the
causes of particle acceleration within propagating relativistic jets and how it affects the jet
on the whole. The relativistic jets were studied using a series of computer simulations and
visual modeling. The simulations analyzed in this paper were run using a threedimensional electromagnetic particle-in-cell (PIC) code that is a modified version of the
Tridimensional Stanford (TRISTAN) code (Cai, et al., 2003). The code has been parallelized
with Message Passage Interface (MPI), developed by Jacek Niemiec (Niemiec, Pohl,
Stroman, & Nishikawa, 2008). The simulation domain is decomposed in one-dimension into
sub-domains that run on separate processors. Dividing the simulation into smaller subprocesses in this way allows for each processor to focus on individual sections of the jet
more efficiently. The data for the particles and the electric and magnetic fields are
controlled by only two basic sets of equations, the Newton-Lorentz and the Maxwell
equations:
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𝑚-𝑖 ,𝑒 ∗
1)

𝑑𝑣𝑖 ,𝑒
⃗)
= 𝑞𝑖 ,𝑒 (𝐸⃗ + 𝑣𝑖 ,𝑒 × 𝐵
𝑑𝑡
⃗
𝜕𝐵
= −∇ × 𝐸⃗
𝜕𝑡

2)

𝜕𝐸⃗
𝐽
⃗ −
= 𝑐-2 × 𝐵
𝜕𝑡
𝜖0

3)

where in 1, the Newton-Lorentz equation, mi,e, v
⃗ i ,𝑒 , and qi,e represent the masses, velocities,
and charges of the ions or electrons within the jet, respectively. 2 and 3 represent two of
Maxwell’s equations that are relevant for our purposes, where J = ∑(ni q i⃗⃗v⃗i – ne q e ⃗⃗⃗
ve ) is
the current density.
Within the code of the simulation, the data is updated using a staggered grid mesh
system known as the Yee lattice. This configuration shifts the electric and magnetic field
components by a measure of one-half unit:
𝑒𝑥 (𝑖, 𝑗, 𝑘) → 𝑒𝑥 (𝑖 + .5, 𝑗, 𝑘),
𝑒𝑦 (𝑖, 𝑗, 𝑘) → 𝑒𝑦 (𝑖, 𝑗 + .5, 𝑘),
𝑒𝑧 (𝑖, 𝑗, 𝑘) → 𝑒𝑧 (𝑖, 𝑗, 𝑘 + .5),
𝑏𝑥 (𝑖, 𝑗, 𝑘) → 𝑏𝑥 (𝑖, 𝑗 + .5, 𝑘 + .5),
𝑏𝑦 (𝑖, 𝑗, 𝑘) → 𝑏𝑦 (𝑖 + .5, 𝑗, 𝑘 + .5),
𝑏𝑧 (𝑖, 𝑗, 𝑘) → 𝑏𝑧 (𝑖 + .5, 𝑗 + .5, 𝑘)

resulting in an offset formation:
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Figure 1: Graphical representation of the Yee Lattice (Cai, et al., 2003).

Two different jet compositions were analyzed for this experiment: an electron-ion
(essentially an electron-proton) plasma jet, and an electron-positron plasma jet. A mass
ratio of mi/me = 1836 was used to differentiate between the two. The jets were injected
into an ambient plasma medium and allowed to propagate in a collision-less system. By
running jets of differing compositions through the relativistic PIC (RPIC) code, it is possible
to study how the composition of the jet itself affects the jet’s stability and behavior as well.
Once the simulations were run, data for both two-dimensional and threedimensional images were retrieved. The two-dimensional data were processed as
PostScript files to attain cross-sectional, topographical images of the propagating jet. The
three-dimensional data obtained were modeled using a three-dimensional program called
VisIt. This allowed for properties such as current magnitude and magnetic field to be
visually represented by such attributes as contour, color, and streamlines. The results were
then analyzed for particle behavior and possible signs of instability within the propagating
jets at different time intervals.
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Results

The following results were obtained using the previously discussed RPIC
simulations and VisIt modeling program. A total of eight trials were chosen for
representation here. For each trial, two separate simulations were run: one for the
electron-proton (e--p+) jet, and the second for the electron-positron (e-/+) jet.

(a)

(b)
Figure 2: Current density cross-sections of the (a) e--p+ and (b) e-/+ jets along XZ-plane at time t= 500ωpe-1

Figure 2(a) and 2(b) illustrate two-dimensional cross-sections along the XZ-planes
of both an e--p+ and an e-/+ jet, respectively. The magnitude of current density within the
jets is represented by color: current filaments that move strongly in the positive direction
are bright red, while current filaments that move strongly in the negative direction are
navy blue. Any range of magnitudes that fall between these two values can be seen as a
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gradient in color ranging between navy blue and bright red. The motion of the current
density at each position is represented by arrow-heads pointed in the direction of motion.
In comparing Figures 2(a) and 2(b), we see that current is more strongly filamented
in the e-/+ jet, as shown by the bolder contrast in color at different locations. It should be
noted that the color scales for Figs. 2(a) and 2(b) are not equal; even so, the e--p+ case
appears to have a more stable, stream-like current than the e-/+ jet. Particles within the e-/+
jet follow a distinct V-shaped pattern throughout the length of the jet as it propagates. The
strong red juxtaposed with strong blue indicates areas of alternating e- and e+ abundances,
which may suggest particle acceleration.
Figure 3 illustrates cross-sections of the same data along the YZ-plane, cut along the
X-axis at two different locations on each jet: Figures 3(a) and 3(b) show the e--p+ jet while
Figures 3(c) and 3(d) show the e-/+ jet, with the cross-section cut at X=280 in 3(a) and 3(c)
and X=360 in 3(b) and 3(d). Note, the color scales for the e-/+ case cover a larger range of
magnitudes than the scales for the e--p+ case, which explains the initial appearance of
stronger particle acceleration in the e--p+ case; the actual magnitudes of the more intense
colors within the e--p+ jet are much smaller than those in the e-/+ jet. Upon closer
inspection, Figure 3 reveals that current filaments in the e--p+ case appear to follow roughly
the same path between X=280 and X=360; there is fairly little difference in the relative
positions of the red and blue currents between the two points, once again suggesting a
predictable, stream-like flow. In contrast, the e-/+ jet reveals marked differences in the
positions of the red and blue currents between X=280 and X=360. Figure 3 supports the
data represented in Figure 2: the magnitudes of current density change more rapidly and
more unpredictably in the e-/+ jet than in the e--p+ jet at any given position. It can be
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concluded, then, that the e-/+ jet experiences greater particle acceleration throughout its
length.

(a)

(b)

(c)

(d)

Figure 3: Current density cross-sections of the (a, b) e--p+ and (c, d) e-/+ jets along the YZ-plane at time t= 500ωpe-1. Figures 3(a) and 3(c)
are cut at X = 280. Figures 3(b) and 3(d) are cut at X=360.

The differences between the e--p+ and the e-/+ jets as seen in both Figure 2 and
Figure 3 may be explained by the differences in mass between a proton and a positron.
Positrons have the same mass as electrons, making the proton-to-positron mass-ratio equal
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to 1836 units, as previously discussed. Moving protons have more momentum than
positrons moving at the same speed and therefore require more force to be pushed offcourse. That is, a proton may be less strongly influenced by the instabilities that cause
particle acceleration than a positron, whose light weight makes it easily pushed about.
Likewise, electrons will bind to protons and thus will not be “kicked out” of the e--p+ jet as
readily, unlike in the e-/+ case. We would expect to see more sporadic particle motion in the
e-/+ jet for this reason – and indeed we do.
Figure 4 and Figure 5 show illustrations similar to Figure 2, plotting the magnitude
of electron density
rather than current
density at time t=
500ωpe-1. Again, the e-p+ jet in Figure 4(a) is

(a)

markedly more stable
than the e-/+ jet in
Figure 4(b). The e--p+
jet shows a high degree
of collimation, as
indicated by a clearly

(b)
Figure 4: Electron density cross-sections of the (a) e--p+ and (b) e-/+ jets along the XZplane at time t= 500ωpe-1

rectangular shape along the length of the jet. In contrast, the separation between the e-/+ jet
and the ambient plasma is blurred. Closer to the jet front, electrons appear to be “kicked
away” from the main body of the e-/+ jet. Throughout the jet, the same V-shaped pattern
depicted by Figure 2 is observed.
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The behaviors of the jets in this case can be explained in the same way as before.
Electrons are bound to the protons, which move with less disturbance from outside forces.
Thus, the electron density mirrors the motion of the protons. In the e-/+ jet, the presence of
electrons is detected outside of the jet body as an effect of particle acceleration casting free
electrons away in the absence of heavy protons. The peculiar shape of the electron density
caused by this particle acceleration within the jet suggests the possible presence of
instability acting throughout the jet interior.
Figure 5 demonstrates the same electron density plot, but for jets that propagate for
twice as long as those in Figure 4. Instability is more apparent in both the e--p+ and e-/+ jet,
as seen in Figures 5(a) and
5(b) respectively. This
suggests an evolution in
(a)

instability over time, as well
as a relationship between
instability and effective area.
The e--p+ jet develops an

(b)
Figure 5: Electron density cross-sections of larger (a) e--p+ and (b) e-/+ jets along
the XZ-plane at time t= 1000ωpe-1

electron density pattern
similar to the shorter e-/+ case
as it propagates. This as well

as the appearance of a less uniform electron density outside of the jet suggests that the
instability is stronger than in the shorter trial – strong enough to overcome the effect of the
higher proton mass and electromagnetic attraction. Similarly, the e-/+ jet is far more
fragmented as it progresses through the ambient plasma, compared to the shorter e-/+ jet.

Relativistic Jets

16

There is also a more widely spread distribution of electrons outside of the jet than in the
shorter trial, with areas in which the electron density appears to follow a linear pattern.
The presence of poloidal magnetic field lines may explain this phenomenon, although more
a likely cause may just be the shedding and dragging of particles as the jet propagates
through the ambient
plasma. In either case, it is
clear that the e-/+ jet is more
susceptible to instability
than the e--p+ jet, a
phenomenon that is more
clearly seen in three-

(a)

dimensional analysis.
Figure 6 is a threedimensional model of the
(a) e--p+ and (b) e-/+ jet
created using VisIt, as
discussed in the “Method”
section of this paper. For
(b)

this plot, a colored contour
represents the magnitude of

Figure 6: Current magnitude along the X-direction for the (a) e--p+ and (b) e-/+ jet, with
magnetic field streamlines, at time t= 500ωpe-1.

current in the X-direction, while the white streamlines around the jets represent magnetic
field. In Figure 6(a), a cross-section is taken from the front face of the jet, starting from the
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approximate midpoint. In Figure 6(b) a cross-section is taken from the upper half of the jet.
This is to show current filaments on the interior of the jet.
Figure 6 illustrates clear differences between the e--p+ and e-/+ jets. The magnitude
of current for the e--p+ jet ranges from approximately 4 to 10, marking relatively few
differences in magnitude within regions of the jet. There is visible filamentation, as well as
a high degree of collimation. For the e-/+ jet, however, changes in magnitude within the jet
are quite distinct, ranging from values of 5 to 15. While the jet appears somewhat
filamented, the filaments are highly discontinuous. As the jet progresses, it becomes more
fragmented, creating a “fray” near the front of the jet.
The streamlines of the jets also portray a distinction between the two; the magnetic
field around the e--p+ jet is mostly helical, while the magnetic field around the e-/+ jet is nonhelical and irregular. Due to the “tangled” shape of its magnetic field lines, magnetic
reconnection is more likely to occur within and around the e-/+ jet. Magnetic reconnection,
as previously mentioned, is a well-known cause of particle acceleration. Thus, this explains
the greater variation in current magnitude and more defined current fragmentation within
the e-/+ jet as compared to the e--p+ jet.
Regarding the larger-scale model of the same phenomenon in Figure 7, the
differences and instabilities between and within the e--p+ and e-/+ jets become more
pronounced. The e--p+ jet retains a relatively collimated figure; however, what may be
greater instability along the jet-ambient interface (or possibly within the jet itself) causes
the jet to lose far more electrons to particle acceleration than in the shorter trial. The
magnetic field is less helical in this case, although it still maintains a somewhat toroidal
motion about the jet. In the e-/+ case, the jet experiences greater variations in current, to the
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point where the jet
itself is apparently lost
to fragmentation.
Around the midpoint
of the jet, the current
appears to shift from
(a)

moving in a mostly
longitudinal direction
along the jet to
moving transversely,
perpendicular to the
propagation of the jet.
Clearly, this
configuration is highly

(b)
Figure 7: Current magnitude along the X-direction for a larger (a) e--p+ and (b) e-/+ jet,
with magnetic field streamlines, at time t= 1000ωpe-1.

unstable, resulting in a far less collimated flow than in any other trial. Likewise the
magnetic field does not appear to have any organized orientation as it encases the jet. From
the magnetic field lines, it can be concluded that magnetic reconnection, likely caused by
instabilities that rise within the jet, occurs quite readily within the longer e-/+ jet, which
explains the prominent particle acceleration that is observed in Figure 7(b).
Figure 8 also depicts a three-dimensional representation of the two relativistic jets
using a colored contour to represent current magnitude along the X-direction, again at time
t= 500ωpe-1. The white streamlines, however, represent electron current rather than
magnetic field lines. Here we see a strange phenomenon in the e--p+ jet, Figure 8(a). While
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the contour and color of the filaments within the jet do not reveal drastic particle
acceleration, similar to
what is observed in
Figure 6, the
streamlines show the
appearance of a
“bulge” near the jet

(a)

front, suggesting
irregular electron
behavior. A possible
explanation for this
phenomenon is the
presence of a shock at
the jet front. More

(b)
Figure 8: Current magnitude along the X-direction for the (a) e--p+ and (b) e-/+ jet,
with electron current streamlines, at time t= 500ωpe-1.

experimentation is
needed to verify this hypothesis. The behavior of the streamlines in the e-/+ jet, Figure 8(b),
also demonstrates irregularity. There may be a wave moving along the jet interior to cause
this behavior, or some kind of internal longitudinal instability moving in conjunction with
transverse Weibel instability. These explanations also might explain some of the earlier
observations made of the two-dimensional images and of the magnetic field line models.
Conclusions
The images obtained through the RPIC computer simulations indicate the presence
of particle acceleration and instability within both e--p+ and e-/+ jets. Jets composed of only
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electrons and positrons are far less stable than those composed of both electrons and
protons; these jets are more prone to fragmentation as the jet propagates through the
ambient plasma. The e-/+ configuration lacks the momentum of a propagating e--p+ jet,
causing the components to be more susceptible to Weibel and kKHI instabilities. Models of
the magnetic field lines around these jets, which were also produced by the simulations,
indicate non-uniform magnetic fields around e-/+ jets, which contrast sharply with the
mostly helical fields about e--p+ jets. The irregular orientation of the magnetic field,
especially for the e-/+ jet, further suggests the presence of Weibel or kKHI instability. These
instabilities are known to cause magnetic reconnection, the existence of which can be
inferred by analyzing the magnetic field line models. Thus, instability and the magnetic
fields it produces are, at least in part, the probable causes of particle acceleration within
relativistic astrophysical jets. e-/+ jets are more prone to instability (and therefore more
prone to particle acceleration); however, when jets are allowed to propagate for a longer
period of time and over a larger distance, a greater degree of instability is experience for
both the e--p+ and e-/+ jet.
These simulations have overall been successful in recreating the physical
phenomenon of astrophysical jets. However, more realistic trials must be conducted before
any conclusive deduction can be made about these systems. Simulations show that the
length of the jet is just as significant to overall shape and behavior as the composition of the
jet itself. Greater resources (i.e. faster, more powerful supercomputers) are required to
generate a larger, more realistic simulation domain. It is also worth noting that the code
used in this experiment harbors no mechanism for dealing with electron-positron
annihilation. While large scale e-/+ jets are still reasonable for studying, the annihilation
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process may also lead to particle acceleration and instability. More research into recreating
this phenomenon would be useful if we truly hope to understand the nature of relativistic
astrophysical jets.
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